Interfacial States and Fano-Feshbach Resonance in Graphene-Silicon Vertical Junction by Tsai, Shin-Hung et al.
Supporting Information 
 
Interfacial State and Fano-Feshbach Resonance in Graphene-Silicon Vertical Junction  
 
Shin-Hung Tsai1,2,+, Sidong Lei1,3,+,*, Xiaodan Zhu1,2, Shiao-Po Tsai1, Gen Yin1, Xiaoyu Che1, Peng Deng1, Jimmy 
Ng2,  Xiang Zhang4, Wei-Hsiang Lin5, Zehua Jin4, Hussam Qasem1,6, Zhongpo Zhou7, Robert Vajtai4, Nai-Chang 
Yeh5, Pulickel Ajayan4, Ya-Hong Xie2, Kang L. Wang1* 
1Device Research Laboratory, Department of Electrical Engineering, University of California, Los Angeles, 420 
Westwood Plaza, Los Angeles, California 90095, U. S. 
2Department of Materials Science and Engineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, California 90095, U. S. 
3Department of Physics and Astronomy, Georgia State University, 25 Park PI NE, Atlanta, Gerogia 30303, U. S. 
4Department of Materials Science and Nano Engineering, Rice University, 6100 Main Street, Houston, Texas 77005, 
U. S. 
5Department of Applied Physics and Materials Science, California Institute of Technology, 1200 East California 
Boulevard, Pasadena, California 91125, U. S. 
6National Center for Solar Energy Technology, Energy and Water Research Institute, King City for Science and 
Technology, Riyadh 114442, Saudi Arabia 
7College of Physics and Material Science, Henan Normal University, Xinxiang 453007, China 
* Correspondence to: wang@ee.ucla.edu and slei@gsu.edu  
 
Hall bar structure for magneto-resistance and Hall measurement 
In order to study the possibility of spontaneously magnetization due to interface effect, e.g. 
hydrogen adsorption, a Hall bar structure was fabricated in following steps. An intrinsic (100) 
silicon was treated with buffered hydrogen fluoride solution to remove the oxidation layer and 
form hydrogen passivation. Then a layer of graphene was quickly transferred to the hydrogen-
passivated silicon surface and dried under inter gas environment. After that, a layer of Al2O3 was 
deposited onto the graphene top surface for protection followed by photo-lithography and 
etching processes to generate the Hall bar structure.  
The metal electrodes are fabricated through conventional photolithography and metal deposition 
process. It is worth to mention that there is no Al2O3 left between graphene layer and metal 
electrodes, because a base solution (FM319, MicroChem Inc.) was applied for the pattern 
developing process, which removes the Al2O3 protection layer as well.  
The Hall measurement was performed under 1.9K, and the transport signal was dominated by 
graphene, since the charge carrier excitation in silicon can be ignored and the intrinsic silicon 
was very insulating.  
 
Device for selected area tunneling spectroscopy study 
Figure S2 shows the schematic of the device for selected area tunneling study. There are four 
groups of electrodes. Two of them are deposited right on top of silicon working area, serving as 
inner electrode, whereas the other two are deposited on SiO2 in contact with graphene, serving as 
outer electrode. All the electrode are connected to wire-bonding pads (not shown in picture) via 
wires buried in Al2O3 layer for insulation purpose, as demonstrated in Figure S2b. ； 
 
 
 
Figure S2. a. The optical image selected area tunneling device, the white dashed line labels the 
Si/SiO2 boundary. b. The cross section schematic along the blue dashed line in (a). 
 
Fano-Feshbach resonance simulation 
A single Fano-Feshbach resonance peak shape can be described by Equation (4) and Equation (6) 
mentioned in the main text.  
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We assume that the tunneling rates to each of the energy levels of the interfacial trap state are the 
same (𝜏𝜏𝑖𝑖 = 𝐴𝐴), and the tunneling rate to the graphene is proportional to the density-of-states 
which linear depends on the tunneling bias (𝜏𝜏𝑔𝑔 = 𝐵𝐵𝐵𝐵), the Equation (6) can be expresses as  
𝑞𝑞 ≈ 𝛼𝛼
𝐴𝐴
𝐵𝐵𝜀𝜀
= 𝛽𝛽
𝜀𝜀
   (S1) 
where 𝐴𝐴 is a constant with a unit of time representing the tunneling rate through the discrete 
interfacial states, 𝐵𝐵 is the coefficient for graphene tunneling rate linear dependence, and 𝛽𝛽 ≡ 𝛼𝛼𝐴𝐴
𝐵𝐵
. 
Combining Equation S1 and Equation 4, we get Equation (S2) 
𝜎𝜎𝑛𝑛(𝐵𝐵) = (𝛽𝛽𝜀𝜀+𝜀𝜀−𝐸𝐸𝑛𝑛𝛤𝛤 )2
1+(𝜀𝜀−𝐸𝐸𝑛𝑛
𝛤𝛤
)2  (S2) 
Combining all the resonant peaks corresponding to the discrete energy levels of the interfacial 
states and the linear baseline due to the direct tunneling to graphene, the entire spectrum can be 
described as  
𝜎𝜎(𝐵𝐵) = ∑ (𝛽𝛽𝜀𝜀+𝜀𝜀−𝐸𝐸𝑛𝑛𝛤𝛤 )2
1+(𝜀𝜀−𝐸𝐸𝑛𝑛
𝛤𝛤
)2 + 𝛾𝛾𝐵𝐵𝑛𝑛   (S3) 
where β, Γ and γ can be determined by fitting the experimental spectrum, and the reciprocal of Γ 
is proportional to the lifetime of the interfacial state (𝛤𝛤 = �1
𝜏𝜏
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, where h is Plank constant).  
